Abstract The microbial diversity and functioning around oceanic islands is poorly described, despite its importance for ecosystem homeostasis. Here, we aimed to verify the occurrence of microbe-driven phenanthrene co-oxidation in the seawater surrounding the Trindade Island (Brazil). We also used NextGeneration Sequencing to evaluate the effects of aliphatic and polycyclic aromatic hydrocarbons (PAHs) on these microbial community assemblies. Microcosms containing seawater from the island enriched with either labelled (9-14 C) or non-labelled phenanthrene together with hexadecane, weathered oil, fluoranthene or pyrene, and combinations of these compounds were incubated. Biodegradation of phenanthrene-9-14 C was negatively affected in the presence of weathered oil and PAHs but increased in the presence of hexadecane. PAH contamination caused shifts in the seawater microbial community-from a highly diverse one dominated by Alphaproteobacteria to less diverse communities dominated by Gammaproteobacteria. Furthermore, the combination of PAHs exerted a compounded negative influence on the microbial community, reducing its diversity and thus functional capacity of the ecosystem. These results advance our understanding of bacterial community dynamics in response to contrasting qualities of hydrocarbon contamination. This understanding is fundamental in the application and monitoring of bioremediation strategies if accidents involving oil spillages occur near Trindade Island and similar ecosystems.
Introduction
Petroleum hydrocarbons are some of the most hazardous organic pollutants affecting marine environments, and petroleum spills entail a series of economic, social and environmental problems [1, 2] . Among hydrocarbons, polycyclic aromatic hydrocarbons (PAHs) represent a group of compounds with mutagenic, carcinogenic and teratogenic effects [3, 4] , being Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00248-017-1078-8) contains supplementary material, which is available to authorized users. listed as priority pollutants by the European Union and the United States Environmental Protection Agency (USEPA).
PAHs originate from diagenic, pyrogenic and petrogenic processes. Diagenic PAHs are the product of biochemical reactions involving, for example, plant terpenes [5, 7] while pyrogenic PAHs result from incomplete combustion of organic materials [8, 9] . Petrogenic PAHs are found in fossil fuels, being the product of biogenic processes occurring at relatively low temperatures over geological timescales [8, 10] . Although occurring in low concentrations in crude oil, PAHs are of concern due to their high toxicity and recalcitrance in the environment [11] . Most PAHs are very hydrophobic and thus bind to organic and inorganic particles in the water column [12] . Sedimentation of these PAH-loaded particles can contaminate the benthic region of aquatic environments, which becomes a reservoir of contaminants that can be released gradually, causing long-term ecotoxicological effects [13] .
In the environment, PAHs are generally present as supramolecular associations with other classes of hydrocarbons. Although PAHs are regarded as recalcitrant, many bacterial groups exhibit members with capacity for PAH biodegradation. Microbial guilds can be viewed as nodes in this functional network for cooperative catabolism and co-metabolism of PAHs [14] . Some microorganisms can degrade or oxidise a contaminant while their energy and carbon needs are provided by other compounds, in a process known as co-metabolism [15] [16] [17] . These include genera of the order Gammaproteobacteria, including Methylophaga and Marinobacter, as well as members of the Actinobacteria [18] . Recently, Rodrigues et al. [19] isolated and described representatives of Actinobacteria, Firmicutes and Proteobacteria from a biofilm formed on a weathered oil surface left immersed in seawater. These isolates could grow in mineral medium containing PAHs as the sole source of carbon and energy. Using PAH-SIP, Gutierrez et al. [20] described the dominance of Rhodobacteraceae associated with low molecular weight PAH biodegradation. In subsequent studies, Guitierrez et al. [21] [22] [23] isolated species of Gammaproteobacteria and Bacteriodetes and proposed that they play a key role in the biodegradation of PAHs containing two or three rings. It is therefore clear that a wide range of microorganisms are involved in the biodegradation of these compounds.
Trindade Island is a Brazilian oceanic island of volcanic origin [24] with no prior reports of contamination by hydrocarbons. The access to the island is restricted to research and military purposes. Trindade is biogeographically isolated, featuring endemic species and unique climatic conditions [25, 27, 29] . However, Trindade is close to the main pre-salt oilfields and thus likely exposed to the threats associated with industrial exploitation of these reserves, including oil spills, which can be carried by the Vitoria Eddy and thus affecting the island vicinities [26] . Our interest was to evaluate how this pristine environment could respond to eventual contamination by crude oil and delineate strategies to support ecosystem coping mechanisms. The objective of this study was to evaluate the effect of mixtures of hydrocarbons on the microbial community assemblies in seawater from the coast of Trindade Island and relate the changes in diversity to PAH mineralisation by indigenous microorganisms. We hypothesise that the degradation of phenanthrene should be increased in the presence of other hydrocarbons, since its catabolism usually involves cooxidation [15] .
Material and Methods

Site Description and Sample Collection
For this study, 20 l of seawater were collected ca. 100 m from the Tartarugas beach at Trindade Island, Brazil (20°29′, 20°3 2′ S; 29°17′, 29°21′ W; Fig. S1 ), with an annual average water temperature of 24°C (according to daily data collected by the Brazilian Navy in the weather station of Trindade Island-EMIT-WMO index number: 83650). The sample was kept refrigerated at 4°C for 6 days until the experiment setup.
Experimental Design
Two similar sets of treatments were assembled. The first set consisted of water from the Trindade Island coast supplemented with inorganic nutrients, hydrocarbons and phenanthrene-9-14 C (Table 1) . These treatments were used to evaluate the change in biodegradation of phenanthrene due to the presence of other hydrocarbons. The second set included treatments given in Table 2 , but phenanthrene-9-14 C was replaced with nonlabelled phenanthrene. This set was used for metataxonomic analysis. All experiments were conducted with three replicates. For both experiments, the hydrocarbons phenanthrene, pyrene and fluoranthene were used under the crystalline form and the liquid hexadecane and weathered oil were added directly in the microcosms. A detailed list of chemicals used is provided in the Table S1 . Biodegradation of Phenanthrene-9-
C
The biodegradation of phenanthrene-9-14 C was evaluated in microcosms in 100 ml borosilicate (Wheaton ®) respirometric flasks containing 50 ml of Bushnell Haas-enriched seawater and phenanthrene-9-14 C or phenanthrene-9-14 C combined with other hydrocarbons (Table 1) . Each microcosm received 1 g l −1 phenanthrene-9-14 C (320,000 dpm). The additional hydrocarbons were also added at the same concentration. Bushnell Haas mineral medium (HIMEDIA) was added at 0.1× (final concentration) to support microbial growth.
A scintillation vial containing 2 ml of KOH 1 M was placed inside each flask to capture the CO 2 emitted from microbial respiration. The microcosms were incubated for 30 days at 100 rpm and 24°C. The scintillation vials were exchanged every 5 days for scintillation counting. The K 2 14 CO 3 -containing KOH solution (2 ml) was mixed with 5 ml of Ultima™ Gold LSC Cocktail (Sigma-Aldrich®). The radiation emitted by the solution of each vial was measured in a LS 6500 Multi-Purpose Scintillation Counter (©Beckman Coulter, Inc) and expressed as disintegrations per minute.
Molecular Analysis
Microcosms for microbial community analyses were prepared as described in the last previous section, with the following changes: new treatments were included (Table 2 ) and phenanthrene-9- 
DNA Extraction
After the incubation period, the water was filtered through 0.22 μm ester membranes (©Merck Millipore). Metagenomic DNA was extracted and purified from the membranes with PowerWater™ DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA) following the manufacturer's protocol. The integrity and quantification of DNA was determined in a 0.8% agarose gel in 1× TAE buffer and with the 2.0 Qubit® 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA), respectively.
High-Throughput Sequencing
The V4 region of the 16S rRNA gene was amplified with the primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) [28] 
Data Analysis
Metataxonomic data were analysed using the 16S rRNA gene profiling bioinformatics pipeline proposed by the Brazilian Microbiome Project [30] , available at http://brmicrobiome. org [31] . This pipeline uses QIIME [32] and Usearch [33] for filtering low-quality sequences, clustering sequences, diversity comparisons, diversity analysis and graphical plotting. We applied the rarefaction strategy to randomly sub-sample sequences from each sample to equalise the number of sequences per sample, before carrying out alpha and beta diversity analysis. Sampling effort was estimated using Good's coverage [34] . Microbial diversity analyses were performed by applying the indexes Faith's PD (phylogenetic measure of diversity based on total branch length of phylogeny captured by a sample, proposed by Faith [35] , Chao-1 (estimator of total species richness proposed by Chao [36] ) and observed species (number of species detected). Weighted unifrac was used to estimate beta diversity [37] , and the adonis function was used to calculate the permutational multivariate analysis of variance and verify the strength and statistical significance of groups among treatments (999 permutations). All these analyses were performed on the BMPOS [38] .
Accession Numbers
The sequences of the 16S rRNA gene generated in this study are available in MG-RAST under the accession numbers 4706729. 
Statistical Analyses
Statistical analyses were performed using BR^software (version 3.3.2). Normality of the phenanthrene-9-1 4 C mineralisation and alpha diversity data were verified by goodness-of-fit Shapiro-Wilk W tests and further analysed by one-way analysis of variance (ANOVA) for treatment effect evaluation. Differences between group means were tested by the Scott-Knott test, and values were significantly different when p ≤ 0.05. Likewise, data of beta diversity were analysed at 5% probability by the t test (Bonferroni corrected). The Bioconductor EdgeR package was used for hypothesis testing to compare differences in taxonomic composition among treatments [39] . The count matrix at species level was normalised through the relative log expression (RLE) proposed by Anders and Huber [40] , by which the median count is calculated from the geometric mean of all columns and the median ratio of each sample to the median library is used as the scale factor. The Benjamini-Hochberg false-discovery rate method (FDR) was used to correct the p values.
Results
Phenanthrene-9- 14 
C Mineralisation
The radiation emitted by 14 CO 2 collected from the microcosms contaminated with phenathrene-9-14 C is shown in Fig. 1 . Differences between treatments were detected only at 15 days of incubation and thereafter. There was more 14 CO 2 emission from microcosms containing either phenanthrene-9-14 C alone or in combination with hexadecane. From the 20th day onward, 14 CO 2 emission by the treatment containing hexadecane was significantly higher than in the treatment containing only phenanthrene-9- 
Sequencing Output
Sequencing of the 16S rRNA gene from all treatments generated 880,273 high-quality filtered reads (Table S2) . Rarefaction method (random sub-sampling sequences) was applied to the sequencing data to minimise the effects of sequencing depth variation on diversity analysis and taxa comparison. Estimates of alpha and beta diversity were based on evenly rarefied OTU matrices, totalising 5600 sequences per sample.
Microbial Community Diversity
There was a significant reduction (up to 70%) of microbial diversity in all treatments relative to the control (Fig. 2) . This loss of diversity was observed for all estimated alpha diversity indices. The lowest estimates of diversity were found in treatments containing phenanthrene combined or not with other hydrocarbons and in treatment containing pyrene. These results show that the alpha diversity was adversely affected by the presence of hydrocarbons, especially PAHs. The Good's coverage estimator showed that the sequencing effort was sufficient to capture most of the microbial diversity of all samples (> 99%).
Beta diversity analysis showed that all treatments had influenced microbial community structure, with the noncontaminated control microcosm clearly distinct from treatments contaminated with hydrocarbons (Fig. 3) . These differences were further confirmed by multivariate analysis of variance (adonis). The p value of 0.001 indicates that at an alpha of 0.05, the grouping of samples by 'treatments' was statistically significant. The R 2 value of 0.70369 indicates that approximately 70% of the variation in distances is explained by this grouping. In general, treatments with PAHs and weathered oil, which also contain PAHs in minor proportion [42] , Fig. 1 Cumulative radiation emitted by K214CO3, the product of the mineralisation of phenanthrene-9-14C by the microbial community of seawater from the coast of Trindade Island. Bars in each sampling time with the same letter do not differ at 5% probability by the Scott-Knott test grouped together, and the latter was slightly closer to the treatment with hexadecane.
Paired comparisons of beta diversity were evaluated according to the types of hydrocarbons in each treatment (aliphatic (hexadecane), aromatic (PAHs only), mixed (weathered oil), aromatic + aliphatic (PAHs + hexadecane), and aromatic + mixed (PAHs + weathered oil)) (Fig. 4) . The greatest differences were found between contaminated and uncontaminated microcosms, and between the treatments HEX vs. PHE + OIL and HEX vs. PAHs. The lowest differences between microbial communities were found when comparing treatments containing PAHs and those containing weathered oil (which also contain PAHs [42] ).
Taxonomic Comparisons
Proteobacteria was the dominant phylum in all treatments (Fig. 5a ). The abundance of Proteobacteria was always higher than 86%, except in the microcosms where hexadecane was the sole carbon and energy source (Fig. 5a) . In this treatment, Proteobacteria represented 52.5% of the sequences, followed by Bacteroidetes (44.2%). The abundance of Bacteroidetes also increased in treatments OIL (12.6%) and PHE + HEX (8.3%) but decreased in treatments PHE + FLU (0.3%), PHE + OIL (0.1%) and PHE + PYR (0.2%). The Archaeae domain was represented only by the class Thermoplasmata, phylum Euryarchaeota, and detected only in the treatment with weathered oil, although at very small low abundance (0.009%). The treatments differed greatly from the control in the sense that the dominant class of Proteobacteria in the control was Alphaproteobacteria (95.0% of the sequences assigned to Proteobacteria), while in the other treatments the dominant class was Gammaproteobacteria (72.9% to 94.2% of the sequences assigned to Proteobacteria) (Fig. 5b) . The response to hexadecane alone differed from the other contaminations in that there was an increase in the relative abundance of Flavobacteria. This resulted in a more balanced representation of Flavobacteria, Gammaproteobacteria and Alphaproteobacteria (42, 38.4 and 12.9%, respectively; Fig. 5b) .
We detected 53 bacterial orders and 1 order of Archaea (Thermoplasmata) as members of the microbial community in the non-contaminated microcosm (control). Archaea was not detected in the contaminated microcosms. The number of bacterial orders in the contaminated microcosms decreases in comparison to the non-contaminated control: oil (46), fluoranthene (38), pyrene (35) , phenanthrene (32), phenanthrene + pyrene (31), hexadecane (33), phenanthrene + fluoranthene (27) , phenanthrene + hexadecane (28) and phenanthrene + oil (24) . Rhodobacterales was the dominant order of the bacterial community in the non-contaminated microcosm (84.4%), while the communities in the contaminated microcosms were dominated by the orders Alteromonadales and Oceanospirillales (Fig. 6a) . The exception was again in the microcosm contaminated with hexadecane, where the order of highest abundance was Flavobacteriales (42%; Fig. 6a ). Among the representatives of the Alteromonadales, the genus Alteromonas was the most abundant, accounting for > 90% of the sequences of this order in all the treatments (Fig. 6b) . Taxonomic families with dominant relative proportion (above 1%) in each set of treatments are shown in the Table S3 . The family Hyphomicrobiaceae, the genera Alcanivorax and Marinomonas and the species Alteromonas dieselolei were not detected in the microbial community of the noncontaminated microcosm, but were detected in all contaminated treatments at abundance above 0.1% (data not shown). Statistical analysis based on the abundances of OTUs showed differences for a few taxa at family level between some contaminated treatments (EdgeR Fisher's exact test, α = 0.05; Table S4 ). Based on the differences in the abundance of taxonomic groups, we cannot conclude that specific PAHs pose a selective effect on specific bacterial groups. However, some families that appeared in relative abundances lower than 1.0% in the control showed high abundance in specific treatments, such as Hyphomicrobiaceae (7.7% in FLU), Vibrionaceae (4.6% in OIL), Erythrobacteraceae (4.0% in PHE), Sphingomonadaceae (17.1% in PHE + PYR) and others that were the most apparently responsive to hydrocarbons.
Discussion
Using
14
C-labelling, we demonstrated that hexadecane stimulates the biodegradation of the polycyclic aromatic hydrocarbon phenanthrene in the Trindade Island seawater. On the other hand, phenanthrene mineralisation was reduced when other PAHs (fluoranthene and pyrene) and weathered oil (which also contains PAHs) were also present as co-contaminants. This reduction is at odds with the hypothesis that the biodegradation of phenanthrene would be increased in presence of these compounds, since the catabolism of PAHs and cycloalkanes involves co-oxidation [15] . If co-oxidation indeed occurred, weathered oil which contains a wide variety of hydrocarbons, might be expected to stimulate the cooxidation of phenanthrene [43] . However, weathered oil is rich in PAHs and high molecular weight hydrocarbons, some of them are more or less bioavailable and recalcitrant than Fig. 4 Mean values of the beta diversity distance between two treatments. The boxes indicate where 50% of the data are contained; the red line inside each box indicates the median; the outer bars correspond to extreme, but not discrepant, data; the signal B+^indicates discrepant data. PAH, polycyclic aromatic hydrocarbons; aliphatic, hexadecane; Mix, weathered oil Fig. 3 Principal coordinate analysis (PCoA) of beta diversity (Weighted Unifrac distance matrix) in contaminated or not (control) seawater. Each treatment was analysed with three replicates phenanthrene. The microbial community in the treatment contaminated with weathered oil are likely faced with carbon sources that can be more labile than the phenanthrene and not suitable to allow its co-oxidation. Thus, some hydrocarbons in the weathered oil, and pyrene and fluoranthene could be preferentially catabolised rather than phenanthrene by the microbial community. This also explains the lower mineralisation of phenanthrene-9-14 C in microcosms containing pyrene and fluoranthene [41, 44] .
Hexadecane, an aliphatic hydrocarbon with 16 carbons, is considered both less recalcitrant and toxic than the other hydrocarbons used in our work [44, 45] . The microbial community assembled using this compound as a source of carbon and energy was also able to mineralise phenanthrene-9-14 C, thus stimulating the biodegradation of this PAH. By contrasting the results of phenanthrene mineralisation with the diversity and taxonomic analysis, we concluded that hexadecane benefits the development of a significantly wider range of microbial taxa when compared to the other hydrocarbons used here. This agrees with previous studies showing that many microbial species can grow on hexadecane [46, 47] . Indeed, we visually observed an increase of the turbidity in the flasks containing hexadecane (HEX and PHE + HEX), suggesting that this hydrocarbon favoured the microbial growth in these treatments. This higher biodiversity, besides the phenomenon of co-oxidation, could also explain the higher biodegradation of phenanthrene in the treatment phenanthrene-9-14 C + hexadecane. A higher diversity of species is directly linked to higher metabolic diversity [48] , which may stimulate the metabolism of recalcitrant molecules, like PAHs. Also, the increased phenanthrene mineralisation observed in this treatment may be explained by its increased mass transfer to the aqueous phase [49, 50] , since hexadecane may act as a nonaqueous phase liquid (NAPL), where the solubility of phenanthrene crystals is higher [51] .
The genus Alteromonas was the taxon with the highest abundance in all contaminated microcosms. Although also present in treatments with hexadecane and weathered oil, this genus predominated in all the treatments containing PAHs. When comparing the treatments HEX and OIL, Alteromonas was more abundant in the latter. Since weathered oil also contains PAHs, it may be argued that this class of molecules acts as a selective factor of Alteromonas. This corroborates the results obtained by Jin et al. [52] , showing that members of this genus from coastal sediments isolated by enrichment with naphthalene could degraded a broad range of PAHs. The authors also confirmed the existence of in situ expression of Alteromonas-associated naphthalene dioxygenase genes, and analysis by GC/MS showed the existence of gentisate and catechol metabolic pathways in tidal-flat samples with high abundance of this genus. These results, together with those obtained in the present study, points to the genus Alteromonas being a key player in the biodegradation of PAHs in marine environments.
Members of the family Alcanivoracaceae, e.g. Alcanivorax genus, are known to possess genes encoding for alkane hydroxylases and exhibits the capacity to use alkanes as carbon source in marine environments [53, 54] . Although other groups of marine bacteria are also known for their ability to metabolise hydrocarbons, Alcanivorax showed a better ability to compete in the microcosms containing hydrocarboncontaminated seawater from the coast of Trindade Island ( Fig. 6b ; Table S4 ). The genus Alcanivorax was also stimulated in microcosms containing phenanthrene combined with linear (PHE + HEX) and mixed hydrocarbons (PHE + OIL). This genus is known to degrade straight-chain and branched alkanes [55] [56] [57] [58] , including long-chain n-alkanes [59] . Our findings show that representatives of this genus also resist contamination with PAHs and may be key components of microbial communities during biodegradation of hydrocarbons in marine ecosystems subject to crude oil spills. The treatment PHE + OIL presented the higher abundance of Alcanivorax representatives, followed by the treatments PHE + HEX and HEX. The weathered oil contains longchain alkanes, which can benefit the Alcanivorax growth. In the treatment containing PHE + HEX, the hexadecane may act as NAPL, making phenanthrene more available to representatives of this genus. In the treatment containing only HEX, the large number of taxa, probably competing with Alcanivorax, may limit its abundance. Similarly, Marinomonas spp. [60] and Alteromonas dieselolei [62] , both known for their ability to degrade PAHs in marine environments, were enriched in contaminated treatments when compared to the control ( Fig.  6b ; Table S4 ).
Alpha diversity analyses (Fig. 2) show that although all contaminants used in this study are potentially harmful to the environment, they caused different variations on the microbial community structure in the seawater from Trindade Island. Belkin et al. [63] demonstrated that when PAH degradation is incomplete, the genotoxic and toxic potential of these molecules increased, increasing the selective pressure on the microbial populations that must cope with them. This potential toxicity is directly related to intermediary metabolites formed during the biodegradation of PAHs. One such group of intermediates are the catechols, which are highly toxic not only to microorganisms, but also to higher organisms [61] . This affects not only the taxonomic diversity, but also the functional diversity of the impacted environment, which in turn may explain the reduced mineralisation of phenanthrene, when combined with other PAHs (Fig. 1) .
There was a clear distinction between the microbial community profile of the non-contaminated control and those present in the microcosms contaminated with hydrocarbons (Fig. 4) . These differences were also observed in the profiles of orders and family/genus (Fig. 6) . Among the contaminated microcosms, those with only hexadecane were more dissimilar than the others (Fig. 3) . Hexadecane is recognised as less toxic than crude oil and PAHs [44, 46, 47] . This fact, together with its known degradability [6] , explains the differences between the treatment with hexadecane with those containing PAHs.
Alphaproteobacteria was the dominant class in noncontaminated microcosms, while Gammaproteobacteria dominates the microbial communities of the hydrocarboncontaminated microcosms (except in treatment with hexadecane, where Flavobacteria is the dominant class) (Fig. 6b) . Members of Gammaproteobacteria are known for their involvement in the aerobic degradation of aliphatic and polycyclic aromatic hydrocarbons [58, 64, 65] . Some species of this class have been used successfully as part of microbial consortia for bioremediation of environments contaminated with hydrocarbons, including PAHs [18, 66] .
Most families listed in Table S4 contributed just above 1% of the total richness/diversity in at least one of the treatments. The relative abundance of Sphingomonadaceae family in the control and contaminated microcosms was lower than 1%, except for the PHE + PYR treatment where it was 17.1%. We conclude from these results that the combination of two PAHs conferred a competitive advantage to some members of Sphingomonadaceae. The same situation occurred with Hyphomicrobiaceae, Vibrionaceae and Cohesibacteraceae. The lower relative proportion of these families in the other treatments may be related to the difficulty of adapting to contamination and incubation conditions, as well as competition with other microorganisms more apt to survive in those conditions. Representatives of Flavobacteriaceae appear to be sensitive to the phenanthrene but are stimulated when hexadecane and weathered oil are also present in phenanthrene-contaminated microcosms. The relative abundance of this family was not above 1% in the treatments with phenanthrene and phenanthrene in combination with others hydrocarbons, except hexadecane (8% of relative abundance). The relative abundance of 2.6 and 5.9% of the Oleiphilaceae family in the treatments HEX and PHE + HEX, respectively, suggest that this group can use phenanthrene for growth when hexadecane is also available, because hexadecane act as a non-aqueous phase liquid, facilitating the use of this PAH [51] . Cryomorphaceae was strongly stimulated by hexadecane and by the polycyclic aromatic pyrene. However, this family was completely inhibited when pyrene was associated with phenanthrene, although this latter, when added as the sole carbon source, did not cause any effect on this group. The same complete inhibition occurred in the microcosm containing PHE + OIL. The reason why the combination of these hydrocarbons completely inhibited the members of Cryomorphaceae while neither oil, PHE or PYR had negative effects (PYR stimulated), needs further investigation. The families Hyphomicrobiaceae, Halomonadaceae, Nannocystaceae, Erythrobacteriaceae and Kiloniellaceae were detected with abundance above 1% only in the treatments FLU (the first two families), OIL (Nannocystaceae) and PHE (latter two families), indicating that members of these groups are stimulated when specific hydrocarbons are present.
At genus/family levels, Rhodobacteraceae was the dominant taxon in the non-contaminated microcosms, accounting for > 84% of the OTUs (Fig. 6b) . This family was significantly reduced in contaminated microcosms, being replaced by other dominant taxa, especially the genus Alteromonas (except in the treatment with hexadecane, where Flavobacterales was the most abundant taxon). There was detectable increase in abundance of the family Oceanospirillaceae in treatments where phenanthrene was combined with other PAHs (PHE + FLU; PHE + PYR). This may point to either the resistance of members of this family to these toxic hydrocarbons or that these treatments may benefit them due its toxic effect in other taxa competing in the same niche.
Many taxa found in greater abundance in microcosms containing water from Trindade Island contaminated with hydrocarbons are usually present in other contaminated environments [22, 67, 68] , suggesting that these populations are stimulated by the contaminants. Although the Trindade Island is considered a pristine environment, the distribution of hydrocarbonoclastic microorganisms seems to be ubiquitous, regardless of previous contamination [69, 70] .
Dubinsky et al. [71] analysed the dynamics of bacterial community after the Deepwater Horizon oil spill in the Gulf of Mexico. They observed dominance of Flavobacteria, Alteromonadaceae and Rhodobacteraceae 4 months after the beginning of the oil spill. These groups are already known for their ability to use complex organic matter. The representatives of the family Flavobacteriaceae are known not only for hydrocarbon degradation, but also for their capacity to produce biosurfactants [72, 73] . The increased abundance of this taxon in PHE + HEX treatment (Fig. 6b) may be related to the increased mineralisation rates of phenanthrene, resulting from biosurfactant production at the expenses of hexadecane metabolism, increasing the bioavailability and hence the degradation of phenanthrene.
Vibrio fortis was found in greater abundance in four of the contaminated treatments compared to the control. Vibrio spp. are ubiquitous in marine environments and are known pathogens of wild organisms, for example shrimps and sea urchins [74] [75] [76] . Therefore, contamination of a pristine seawater by hydrocarbons can not only bring problems related to direct toxicity to local organisms, but also increase the abundance of potentially pathogenic microorganisms, further damaging the already impacted biota of the contaminated area. Liu and Liu [77] suggested that Vibrio spp. can be associated with hydrocarbon biodegradation, but this association was contradicted by other studies [58, 78, 79] . Smith et al. [80] obtained 17 isolates of Vibrio parahaemolyticus from polluted Louisiana shoreline after Deepwater Horizon oil spill in the Gulf of Mexico. None of the strains was shown to metabolise phenanthrene and naphthalene. Likewise, Kostka et al. [58] isolated a strain of Vibrio hepatarius from a beach sand contaminated with oil but lacking significant ability to biodegrade hydrocarbons.
Although representatives of Archaea are described as capable of degrading hydrocarbons [81] , this domain was not detected in our study, except in the non-contaminated microcosm. As previously reported by Rodrigues et al. [82] , Archaea was a minor component of the microbial community developed on the surface of weathered oil left incubated in the shoreline of Trindade Island.
Despite the lack of hydrocarbon contamination records in Trindade, the island is located at the same latitude as the region with the highest volume of oil extraction from marine reservoirs in Brazil, i.e. the Campos Basin. With growing interest from the Brazilian government for oil extraction in deep water, especially in the so-called Pre-salt, petroleum exploration activities are expected to move eastward from the Campos Basin to Trindade Island. If this scenario occurs, the region surrounding Trindade Island will eventually be subject to the negative impacts of oil spills. Although Morais et al. [83] have already reported the impact of oil contamination on the microbial communities in soils of Trindade Island, our study is the first to show how sensitive the surrounding marine microbial community of this unique ecosystem is to hydrocarbon contamination.
